Purpose The peatland carbon store is threatened by climate change and is expected to provide positive feedback on air temperature. Most studies indicate that enhanced temperature and microbial activities result in a rise of dissolved organic carbon (DOC) as a consequence of higher peat decomposition. Few of them, however, have investigated the impact of in situ experimental warming on DOC response. Material and methods We studied the response of DOC, dissolved organic nitrogen (DON), phenol oxidase, and fluorescein diacetate activities (FDA) to a 3-year in situ experimental warming using open-top chambers (OTCs) in a Sphagnum-dominated peatland. Results and discussion No significant warming of soil was recorded, implying that the simultaneous decrease in DOC and DON and the rise in FDA at the depths of 25 and 40 cm were not caused by the direct effect of OTCs on water temperature, but might instead have been mediated by plant root exudates. The water chemistry suggests that DOC production was compensated by in situ mineralization. We hypothesize that an increased hydrolysis of organic matter (OM) was counterbalanced by the mineralization of dissolved organic matter (DOM) and that microorganisms preferentially used labile compounds originating from increased root exudates. Conclusions This trade-off between production of DOC through hydrolysis and consumption in the process of mineralization shows (1) the limitation of using only DOC as an indicator of the sensitivity of peat decomposition to climate warming and (2) the need to improve our understanding of the indirect impact of root exudates.
Introduction
Owing to their capacity to stock atmospheric carbon (C) in peat, northern peatlands store about one third of the world's soil organic C (455 Pg of C), the equivalent of 60 % of the current atmospheric C (Gorham 1991) . Waterlogged conditions, acidity, and low temperatures lead to an imbalance between primary production and decomposition towards organic matter (OM) accumulation. Peatlands are threatened by ongoing climate change because warmer and drier conditions are expected to favor mineralization rather than accumulation of OM, thus providing positive climatic feedback (Davidson and Janssens 2006) .
At the soil surface, it is well known that air warming leads to a fast depletion of labile OM, which is compensated by an increase in primary production (Berendse et al. 2001; Melillo et al. 2002; Elmendorf et al. 2012) . Little is known about the response of subsurface and deep peat. Dorrepaal et al. (2009) showed that approximately 1°C warming accelerated heterotrophic respiration in the subsurface peat, leading to a potential loss of about 38-100 megatons of C per year over the coming decades. They hypothesized that most of the CO 2 released by respiration comes from the decomposition of subsurface recalcitrant OM, without considering deep labile OM, such as sugars, which can constitute up to 20-30 % of total OC at 50 cm peat depth (Delarue et al. 2011a) .
The effect of warming on peat decomposition is often assessed by measuring dissolved organic C (DOC) and by phenol oxidase activity (POA) involved in the degradation of phenolic compounds in the process of C mineralization (Freeman et al. 2001; Sinsabaugh 2010) . Most studies have dealt with seasonal or annual variations, indicating that enhanced temperature and microbial activities resulted in a rise of DOC as a consequence of higher peat decomposition (Bellamy et al. 2005; Waldron et al. 2009; Ward et al. 2013) . Few of them investigated the impact of in situ experimental warming on DOC response.
Our aim was to study the response of both surface and subsurface DOC to in situ experimental warming. To understand the patterns observed, dissolved organic nitrogen (DON), fluorescein diacetate (FDA) hydrolysis, and phenol oxidase activity (POA) in pore water were investigated as "biochemical" indicators of potential peat response to climate warming.
Material and methods
The study site was a Sphagnum-dominated peatland situated in the Jura Mountains (France). Vegetation is mainly composed of Sphagnum (Sphagnum fallax) and various vascular plants (e.g., Eriophorum vaginatum and Andromeda polifolia). Air warming was achieved using open-top chambers (OTCs; see Delarue et al. (2011b) for further information on the study site and experimental design). Six plots were equipped with OTCs in April 2008 and six other plots were used as controls. Water was sampled in piezometers perforated at 15, 25, and 40 cm depth in July and October 2008 and in April, June, and October 2009 and 2010 tively. Air and peat temperatures were measured every 30 min at 7 cm depth and 10 cm above the soil surface, respectively, using thermocouple probes and datalogger (CR1000, Campbell). For the purpose of this study and because temperature data were lacking in 2008, we focused on the period April to October 2009 and 2010 excepted for air temperature which was recorded since July 2009. Water temperature (15, 25, and 40 cm depth), pH, and dissolved oxygen were measured with probes prior to flushing and sampling. After filtration at 0.45 μm and acidification (except for enzymatic aliquots) with phosphoric acid, DOC and dissolved nitrogen (DN) were determined with a SHIMADZU SSM-5000A total C and N analyzer. DON was calculated as the difference between DN and ammonium and nitrate concentrations, which were analyzed colorimetrically using a continuous flow analyzer. The activity of extracellular phenol oxidase (POA) was determined spectrophotometrically by using 10 mM L-dopa (dihydroxyphenylalanine) solution as substrate . POA was expressed in micromoles of 2,3-dihydroindole-5,6-quinone-2-carboxylate (dicq)h −1 ml −1 of water. The hydrolytic activity of FDA was selected because FDA (3′,6′-diacetylfluorescein) is hydrolyzed by a number of different enzymes such as proteases, lipases, and esterases (Bragazza et al. 2012) . The hydrolytic activity of FDA was measured after mixing the water sample with trishydroxymethyl-aminomethane (THAM) 0.1 M buffered at pH 7.6 and with the FDA lipase substrate solution at 4.9 mM ml −1 . A control was prepared containing the water sample, the THAM buffer, and acetone. Two blanks were also prepared containing the THAM buffer plus the FDA lipase substrate and the THAM buffer without the substrate, respectively. After incubation for 3 h at 37°C, acetone was added to stop the hydrolysis. Before reading the absorbance at 490 nm, the samples were centrifuged for 5 min at 8,000 rpm. FDA hydrolytic activity in peat was expressed as milligrams of fluorescein released per milliliter per hour.
For investigating the global response of air and peat temperatures and water variables for the considered time period, we averaged variable results for each plot. Such an approach is recommended to avoid any temporal pseudo-replications (Hurlbert 1984) . The impact of experimental warming was analyzed using analysis of variance (ANOVA). Data were tested for normality using Kolmogorov-Smirnov test and for homogeneity of variance using Levene test. Data were systematically log10-transformed when non-normality and/or no homogeneity of the variance were found. Statistical significance was determined at p<0.05 level; p values comprised between 0.05 and 0.10 were considered as indicating a trend.
Principal component analysis (PCA) was applied to the whole set of variables measured at 25 and 40 cm depth. Two factors (PCA1 and PCA2) with eigenvalues superior to 1 were retained. Both ANOVA and PCA were performed with XLSTAT software (Addinsoft®).
Results and discussion
OTCs increased the mean air temperature by up to 0.7°C, but this effect was not recorded in the pore water, which is in good agreement with the lack of change in peat temperature reported in Delarue et al. (2011b) and Huguet et al. (2013) (Tables 1  and 2 ). The impact of OTCs on pore water chemistry appeared solely through the overall average over the duration of the experiment. At 15 cm depth, OTCs did not have any effect (Fig. 1 ), but they impacted the properties of the water sampled at 25 and 40 cm depth, where waterlogged conditions always occurred. DOC and DON decreased in OTC plots by up to 8.7 and 11.7 %, respectively, at 25 cm depth, and by up to 8.1 and 9.6 %, respectively, at 40 cm depth (Fig. 1) . DOC is a function of the imbalance between production and in situ mineralization (Schimel and Weintraub 2003; Gogo et al. 2014) . Plant litter quality, plant physiology, OM solubility, and microbial decomposition of peat and its mineralization interact and define the overall DOC change Freeman et al. 2001; Grybos et al. 2009 ). Water physicochemical properties did not change with respect to treatment ( Table 2) . Solubility of OM is mainly influenced by temperature and pH. The lack of significant changes upon these variables may therefore imply that solubility of OM did not change in the course of the experimental warming and its indirect effects occurring with depth. Moreover, dissolved oxygen concentrations did not change with depth, suggesting that any effect could not be attributed to changes in peat aeration and, consequently, to peat moisture. Jassey et al. (2013) indicated that OTCs favored the establishment of A. polifolia. In spite of this vegetation shift, an impact of plant litter quality cannot be considered in subsurface peat (25 and 40 cm depth). However, root biomass changes can occur. In response to air warming, vascular plants have the ability to produce root exudates that can favor OM decomposition at depth (Kuzyakov et al. 2000; Yin et al. 2013 ), but currently, root exudation is still considered as a minor controlling factor of peat decomposition (Fontaine et al. 2003; Basiliko et al. 2012) . As DOC decreased in OTCs, an increase in root exudation cannot be considered as the main controlling factor of DOC, but here, we cannot rule out an effect of root exudation, especially considering that A. polifolia, which became more abundant under air warming (Jassey et al. 2013) , is able to produce root exudates up to 45 cm depth (Jacquemart 1998) . Information on DOC production is lacking in the upper peat layer, but previous studies in the same peatland indicated a decrease of surface DOC (0-5 cm depth) and an increase at about 10 cm depth where root density was higher (Delarue et al. 2011a ). Thus, an apparent lack of changes of DOC at 15 cm depth may be the result of these opposite patterns. A lower supply of DOC downward, one contributor to subsurface DOC (Waddington and Roulet 1997) by vertical migration, is therefore unlikely to explain it decline under the indirect impact of air warming. The DOC/DON ratio increased under the impact of warming at 25 cm depth (Fig. 1) , indicating that in situ mineralization of OM affected more nitrogen-enriched compounds than carbonaceous ones (Kalbitz and Geyer 2002) . Considering both the rise in the DOC/DON ratio and the lack of significant POA changes, it is suggested that OTCs preferentially favored the decomposition of labile OM rather than recalcitrant aromatic OM, which are relatively enriched in C.
DOC and DON decreases are closely coupled to increased FDA activity (Fig. 2) , which indicates the overall microbial activity (Zelles et al. 1991) . FDA activity increased in the OTCs by up to 39.9 % at 25 cm depth (p= 0.08) and 98.8 % at 40 cm depth (Fig. 1) . The rise in FDA suggests an enhanced microbial hydrolytic activity on peat OM or on DOM. A rise in peat hydrolysis would result in an enhanced DOC, whereas a rise in DOM hydrolysis would not change the apparent DOC, as dissolved compounds remained dissolved after hydrolysis. Therefore, it appeared that DOC production was strongly counter-balanced by DOC consumption, i.e., C in situ mineralization. We further hypothesized that the increased hydrolysis of OM favored its assimilation and mineralization by microorganisms, leading to a simultaneous decrease in DOC and DON. A rise in microbial hydrolysis can result from the impact of air warming on A. polifolia, especially its root exudation. If root exudation is not enhanced enough to compensate DOC decomposition, like it was observed at 15 cm depth, it may be enough to release OM favoring the establishment of microbial communities and, consequently, OM hydrolysis activity. Such an impact is currently neglected in peatland, although warming is expected to have a positive effect on vascular plants and their root exudates (Weltzin et al. 2000; Yin et al. 2013; Bragazza et al. 2013) . Further investigations are therefore needed to determine (1) ) . Significance of changes was tested on raw or log-transformed data using one-way ANOVA. Significant differences between treatments (n=6) are marked by asterisks air warming affects plant assemblage and root distributions within the peat profile and (2) how root exudates affect the C cycle.
Conclusions
In contrast to studies suggesting that a rise in temperature and microbial activity will enhance DOC production, our work indicates that the activities of microorganisms can also lead to a decrease in subsurface DOC by favoring DOC consumption in the process of in situ mineralization, rather than DOC production by peat decomposition. Thus, a rise in microbial activity can produce two opposite DOC patterns. This highlights the limitation of using only DOC as an indicator of the sensitivity of peat decomposition to climate warming. The present study underlined the potential key role of root exudates in controlling DOC concentration at different depth. At 15 cm depth, root exudates may compensate the decline in DOC production, whereas at 25 and 40 cm depth, root exudates may favor DOC mineralization. Even if this hypothesis needs to be validated by further investigations, it identifies root exudates as an underestimated factor in controlling C cycle in peatlands. 
